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Outline of the talk

= Motivation to study p(d)+A at RHIC and LHC
(and also at low fixed target energies)

» Global observables, soft particle multiplicities, and
azimuthal asymmetries in p(d)+A reactions

= The effect of coherent medium induced
bremsstrahlung on hadron and jet production

» Toward better understanding of medium-induced
radiative corrections to hard processes

s Conclusions



Motivation — fundamental many-

body QCD

= p(d)+A reactions provide a laboratory to study the perturbative
QCD dynamics and the transport properties of cold nuclear
matter — the shortest radiation length in nature, dynamical
mass generation in strong magnetic fields, and a transverse

saturation scale
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Motivation — a new paradigm for

heavy ion collisions (HIC)

= Alot of exciting and surprising (certainly in magnitude) results have
come form the p(d)+A programs at RHIC and LHC — asymmetries
and suppression qualitatively similar to the ones observed in A+A
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Fluctuating initial conditions and

azimuthal asymmetries

* |mportant advance in understanding soft particle production
was the inclusion of fluctuations of the initial nuclear
geometry — hot spots, asymmetries (odd v, coefficients)
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Some indications about physics

form lower energies

= Scaling with Feynman x [Tree level for inclusive processes is x¢ = X,-X,
~X,] (not with x,)
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Micro-droplets of QGP versus
Initial-state bremsstrahlung

CMS Preliminary Final-state parton shower

S. Chatrchyan et al. PLB (2013) Initial-state radiation

* |n the description of high energy processed significant
effort has been devoted to understand the parton shower.

We explore how this parton shower technology can be
applied to p(d)+A
" |nthis case look at initial-state medium induced radiation



Initial-state bremsstrahlung

INn more detail

Active parton

p+ Q2 >> q2 - ‘Lt2
k;n
P ' :/—-/ﬁl; \\“ )
i ' 9 Beam jet
J. Gunion et al . PRD (1982) \_/ J

ngl _ CRO{S ILL2 q2 Bertsch-Gunion
dnd?kd?q w2 7w(q? 4+ p?)? k?(k — q)?

= Uniform in rapidity soft particle production v

= Bremsstrahlung preferentially in the
direction of the momentum transfer
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A method to evaluate the soft

bremsstrahlung spectrum

= An exact solution exists in the soft gluon emission limit only.
Strong cancelation between direct and virtual cuts

M. Gyulassy et al . NPB (2001)
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Bertsch-Gunion bremsstrahlung

from correlated multiple scattering

= Bertsch-Gunion spectrum to any number of correlated multiple
soft interactions ina QCD medium.

Integral along the Distribution of transverse
path of propagation Momentum transfers
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Very high enerqgy fully coherent limit

= Asymptotic no-hard-scattering initial
conditions correspond to the BG
problem

Beam jets, very high energy in the rest
frame of the nucleus ((k ~ 3 qi) ) )
COS VAN

2w

= Bremsstrahlungis in the direction of
the cumulative momentum transfer
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Azimuthal moments form non-

Abelian bremsstrahlung

= Given its directional nature, the non-abelian bremsstrahlung
and related soft particle multiplicities exhibit non-vanishing
Fourier harmonics
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Target and beam contributions

_ o.-x 7 = Including both target and beam jets
! (N target dipoles in M clusters)
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* The generalization to multiple gluon emission (which
accounts for the soft particle multiplicity) proceeds as follows
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Azimuthal asymmetries through

multi-particle cumiulants

* Particle cumulants — proposed to help remove " "non-flow"
sources of correlations such as momentum conservation, back
to back dijet, and Bose statistics effects
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= The scaling relation for v, using 2¢ multi-particle cumulants
from color scintillation antenas (CSA)
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The cumulant relations naturally arise form coherent bremsstrahlung



Examples of non-Abelian

bremsstrahlung event asymmetries

= Equally distributed in azimuth momentum transfers

Momentum transfers Q2 = N/Mu* Angles {%} = 27Ta/n
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= My co-authors intended to incorporate this physics in HIJING



Qualitative comparison

= Definitely gets the ordering of “flow coefficient” starting with
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Hadronization corrections

= Hadronization “t U
. 0.4 -
corrections are : . RSP
. 02— Y e
important. Below 2 GeV ~ Fe .
. E- 0:—3 $:- TTetw- - e
v, is always changed. -
Above 2 GeV the E en-2 5> 1an)>2
. . 0.4 n=3 <N, >=8 Q_=20Gev
hadronization scheme C en-e weriAL GaziORes
-0.6 [ ] PR T S T T T SO ST S S N S W
matters T
0'65_ .# — 0'65_ . - ’g
0.4— o + s A
o ~F e 5> |an|>2
B 0__.“-‘5;".* \/ 1 . 0__':-?__:'— <N > :S? nQﬂ_,: 2.0 GeV
)_0.2:— e n=1 [ )_02:_ o B LUND MODEL
: e N=2 5>|A1]I>;‘ : e NnN=2
_0.4 n=3 <N, >=8& Q_=20GeV _0.4:_ n=3 )
E =4 INDEP. FRAG. - en=4 \‘\\'_____‘
08 N I B R 08 l | I..I—...
05 1 15 2 25 0.5 1 15 2 25
Py’ [GeV] P2’ [GeV]

A. Espozito et al. PLB (2015) = (Can'tignore



Initial-state energy loss

phenomenology

= Implications for hard processes
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Hadron production at forward

rapidities

= Multiple nuclear effects play a role in the modification of the
transverse momentum distributions

B. Neufeld et al . PLB (2010)
= CNM energy loss
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Jet production in p+A
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Toward a better understanding of

Initial-state active parton

= Attempt to go beyond the energy loss approximation. Better
separation between the active parton (large Q2) and beam jets
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Initial-state in-medium radiative

corrections of active partons

dN ) = Results (example)
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Energy dependence of initial-state

medium-induced splittings
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Variation in
energy does
not eliminate
the
significance
of the x> 0.5
region

We can see at
high energies
suppression
with ~ 1/E.



Potential applications
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Opportunities in p+A

= Better constrain initial state bremsstrahlung contribution/
effect on hard processes (but also azimuthal asymmetries)

= Given the large uncertainties in hadronization, need of Monte
Carlos, fluctuatons, asymmetries appear more challenging

= With better undersanding of the complementary coherent
Bertsch-Gunion regime (high energy) and radiative
corrections to hard processes, effects on particle and jet
production can be disentangled.




Conclusions

= There is renewed strong interest in cold nuclear matter effects (CNM? in p+A.
While these effects have been studied and incorporated in A+A calculations,
only recently has the larger community been intrigued by them — due to their
magnitude and qualitative similarity to A+A

= Measurements in p+A have stimulated interestin%theoretical developments,
such as hydrodynamics in tiny systems, some CGC phenomenology. More
limited to specific kinematics/CM energy

= |nitial state parton scattering and non-Abelian bremsstrahlung does not suffer
from such limitations and, iscommon to both&lobal event-shape observables
and hard probes, including initial-state CNM effects. (well studied in final-
state jet quenching in the QGP.

= With momentum fluctuations included, the non-abelian bremsstrahlung form
beam and target jets describes all qualitative features of the azimuthal
asymmetries observed in p+A. Expect dilution in A+A. Sensitivity to
hadronization.

= For hard probes phenomenology in p+A, CNM energy loss plays a significant
role, which becomes dominant near kinematic thresholds and leads to
sizeable suppression of jets, hadrons and quarkonia that scales with x.~ x_~
2

prexp(y)/s¥2~prcosh(y)/s¥/?

= New theoretical work underway to understand the coherent BG radiation and
the radiative corrections to hard scattering.



Soft Collinear Effective Theory with

Glauber gluons

= Jet physics presents a multiscale problem, EFT treatment

SCET (Soft Colliner Effective Theory) & EEUCT R el FRID (100
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Examples of effective field

theories [EFTs]

A
| " Full = Simple but powerful idea to
DOFInFT ..
Theory concentrate on the significant
Q _ degrees of freedom [DOF].
: Effective : :
DOF in EFT Manifest power counting
Theory
Q powercounting DOFinFT DOFinEFT
Chiral Perturbation Theory (ChPT) A p/\ q,g IK,TT

Heavy Quark Effective Theory

(HQET) Mb /\QCD/mb LI)’A hV,AS

Soft Collinear Effective Theory
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lll. Main results: jet broadening

= Jet broadening and its i, Gy et el (Zoe)

gauge invariance p
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= General result. Will evaluate the broadening (or lack off) of jets
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* |nspecial cases such as constant density and the Gaussian approximation
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I11. Main results: In-medium

splitting / parton energy loss
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Toward a better understanding of

Initial-state radiative corrections

= Gluon splittings
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